Prechondrogenic condensation prefigures skeletal elements of embryonic limbs in the early step of chondrogenesis by the formation of a cartilage template that is subsequently replaced by bone;^[@bib1]^ therefore, it has been considered to be the most critical process in skeletal patterning.^[@bib2]^ It was known that prechondrogenic condensation results from cellular aggregation and differential mitosis,^[@bib3]^ but increased cellular packing in the initiation step of condensation is a consequence of aggregation rather than mitosis.^[@bib4]^ Adhesion molecules and extracellular matrix (ECM) have central roles in cellular aggregation by mediating cell--cell adhesion and cell--ECM interactions.^[@bib4]^ Thus, the secreted molecules such as adhesion molecules and ECM must be strictly controlled to determine the size and shape of condensations. However, little is known regarding how the secreted molecules are regulated to organize the condensations during chondrogenesis.

Secretion process depends on the intracellular ATP level because ATP is required for multiple steps of secretion process such as secretory vesicle transport, the priming process for membrane fusion, and supply of phosphate group.^[@bib5],\ [@bib6]^ Thus, energy metabolism can coordinate the secreted activity, independent of genetic control. Indeed, it has been known that insulin secretion in pancreatic *β*-cells is regulated by metabolic oscillations.^[@bib7],\ [@bib8]^ Thus, we postulated that the organizational mechanism for condensation may depend on metabolic regulation.

Bioluminescent reporters have been widely used to monitor the metabolic status, such as intracellular ATP level and oxygen level,^[@bib8],\ [@bib9],\ [@bib10]^ and moreover is useful for long-term and continuous monitoring because of low toxicity and high biocompatibility.^[@bib11]^ Thus, to investigate metabolic regulation of the secreted molecules in chondrogenesis, we established bioluminescent multi-reporter system to simultaneously monitor metabolic and secretory activities during chondrogenesis. In addition, we chose ATDC5 cells as *in vitro* chondrogenesis model system for study on prechondrogenic condensation because ATDC5 cells differentiate into cartilage nodules via natural condensation process which mimics *in vivo* prechondrogenic condensation,^[@bib12]^ without need of manipulation to artificially enhance the cell-density like micromass cultures.^[@bib13]^ Moreover, ATDC5 cells, which undergo chondrogenesis in monolayer culture, are suitable for bioluminescence monitoring because the bioluminescence technique currently has limited ability to quantify the signals in depth of the samples. In addition, some of the findings in ATDC5 cells were verified by the study using micromass culture of mesenchymal stem cells (MSCs). Here, we report for the first time on synchronized ATP oscillations in chondrogenesis. Our study demonstrates the critical role of ATP regulation for prechondrogenic condensation.

Results
=======

ATP oscillations are generated in chondrogenesis
------------------------------------------------

To monitor intracellular ATP level during chondrogenesis, we fused a gene of ATP-dependent *Phrixothrix hirtus* luciferase emitting red light (PxRe)^[@bib14]^ to a constitutive ACTIN promoter (P~ACTIN~-PxRe), and constructed ATDC5 cells transfected with P~ACTIN~-PxRe. Bioluminescence monitoring showed that 2--4 days after chondrogenic induction, P~ACTIN~-PxRe activity began to oscillate every 6--8 h and continued to oscillate for at least 3 days, despite being constant before the induction ([Figure 1a](#fig1){ref-type="fig"}). Our result that ATP concentration at the peak of the P~ACTIN~-PxRe oscillations was significantly higher than that at the trough ([Figure 1b](#fig1){ref-type="fig"}), while the PxRe protein quantity was constant between the peak and the trough of the oscillations ([Figure 1c](#fig1){ref-type="fig"}), indicates that the P~ACTIN~-PxRe oscillations reflect ATP oscillations. Moreover, imaging using a FRET-based ATP sensor^[@bib15]^ confirmed that intracellular ATP level oscillates in chondrogenesis ([Figures 1d and e](#fig1){ref-type="fig"}; [Supplementary Video 1](#sup1){ref-type="supplementary-material"}).

ATP oscillations are synchronized among cells, depending on gap junctions
-------------------------------------------------------------------------

We then examined how ATP oscillations are induced in chondrogenesis. Single-cell imaging showed that P~ACTIN~-PxRe activities in individual cells did not oscillate soon after chondrogenic induction but began to oscillate collectively at about 72 h, and then continued to oscillate robustly for at least 3 days ([Figures 2a and b](#fig2){ref-type="fig"}; [Supplementary Video 2](#sup1){ref-type="supplementary-material"}). This result reveals that the synchronized ATP oscillations resulted not from entrainment of autonomously oscillating cells, but from collective transition of cell populations from quiescence to the oscillations. In addition, low-magnification imaging showed that the P~ACTIN~-PxRe oscillations propagated as waves with a velocity of 10--15 mm/h ([Figures 2c and d](#fig2){ref-type="fig"}; [Supplementary Video 3](#sup1){ref-type="supplementary-material"}). The synchronization of ATP oscillations among cells would be achieved by intercellular communication. We found that inhibition of gap junction by carbenoxolone eliminated the P~ACTIN~-PxRe oscillations ([Figure 2e](#fig2){ref-type="fig"}). This result suggests that ATP oscillations are synchronized among cells via gap junctions-mediated intercellular communication.

ATP oscillations depend on glycolysis and mitochondrial respiration
-------------------------------------------------------------------

As ATP is produced mainly by glycolysis and oxidative phosphorylation, we investigated whether glycolysis and mitochondrial respiration are involved in ATP oscillations. We found that either glycolysis inhibitor, 2-deoxyglucose (2-DG), or mitochondrial ATPase inhibitor, oligomycin, suppressed P~ACTIN~-PxRe oscillations ([Figure 3a](#fig3){ref-type="fig"}), indicating that the ATP oscillations depend on both glycolysis and mitochondrial respiration. We then quantified the concentration of metabolites involved in glycolysis and mitochondrial respiration at the peak and the trough of the P~ACTIN~-PxRe oscillations. The ratio of the metabolite concentration at the peak compared with the concentration at the trough was defined as the peak/trough ratio. In the metabolite analysis, fructose 1,6-bisphosphate (F1,6BP), 1,3-bisphosphoglycerate, 3-phosphoglyceric acid, and 2-phosphoglyceric acid, which are involved in glycolysis; and *cis-*aconitate, 2-oxoglutaric acid, fumarate, and malate, which are included in mitochondrial respiration, showed significant changes between the peak and the trough of the oscillations ([Figure 3b](#fig3){ref-type="fig"}). This result suggests that both glycolysis and mitochondrial respiration may oscillate in chondrogenesis. In addition, the peak/trough ratio showed dramatic differences between F6P and F1,6BP, and between acetyl-CoA and citrate ([Figure 3b](#fig3){ref-type="fig"}), suggesting that biochemical reactions that are involved in conversion of F6P to F1,6BP and formation of citrate from acetyl-CoA and oxaloacetate may have key roles in generating the oscillations of glycolysis and mitochondrial respiration.

To examine whether the metabolic pathways oscillate in chondrogenesis, we simultaneously monitored ATP production and oxygen consumption by co-transfection with both P~ACTIN~-PxRe and a reporter carrying fused gene of oxygen-dependent *Renilla* luciferase emitting blue light (ReBl)^[@bib10]^ to a constitutive ACTIN promoter (P~ACTIN~-ReBl) in a luminometer with a multi-color filter system. As the ReBl substrate coelenterazine, in contrast to the stable PxRe substrate -luciferin, degrades rapidly over time, we established perfusion culture-based monitoring system to continuously supply coelenterazine for long-term bioluminescence monitoring during chondrogenesis. Our result showed that P~ACTIN~-ReBl oscillated with twice the frequency of P~ACTIN~-PxRe oscillations in chondrogenesis ([Figure 3c](#fig3){ref-type="fig"}). P~ACTIN~-ReBl activity revealed the troughs at every peak of P~ACTIN~-PxRe oscillations ([Figure 3c](#fig3){ref-type="fig"}), indicating that ATP production is coupled to oxygen consumption. This result strongly supports that oxidative phosphorylation in mitochondria oscillates in chondrogenesis. In addition, the P~ACTIN~-ReBl oscillations showed other oscillatory components independent from the P~ACTIN~-PxRe oscillations ([Figure 3c](#fig3){ref-type="fig"}), indicating oscillations of non-mitochondrial oxygen consumption in chondrogenesis. It is known that non-mitochondrial oxygen consumption supports glycolysis by recycling cytosolic NADH.^[@bib16]^ Thus, the oscillations of non-mitochondrial oxygen consumption support that glycolysis oscillates in chondrogenesis.

ATP oscillations are driven by Ca^2+^ oscillations and induce oscillatory secretion in chondrogenesis
-----------------------------------------------------------------------------------------------------

Ca^2+^ affects both glycolysis and mitochondrial respiration.^[@bib7]^ This raises the possibility that Ca^2+^ is involved in the ATP oscillations. We found that either nifedipine, which blocks Ca^2+^ influx through a voltage-dependent Ca^2+^ channel (VDCC), or 2-aminoethoxydiphenyl borate (2-APB), which blocks Ca^2+^ influx through a store-operated channel (SOC), eliminated the P~ACTIN~-PxRe oscillations ([Figure 4a](#fig4){ref-type="fig"}). Thus, the ATP oscillations depend on Ca^2+^ influx through both VDCC and SOC. In addition, the Ca^2+^ ionophore ionomycin and the intracellular Ca^2+^ pump inhibitor thapsigargin, both of which elevate intracellular Ca^2+^ levels, also eliminated ATP oscillations ([Figure 4a](#fig4){ref-type="fig"}). This result suggests that the ATP oscillations depend on Ca^2+^ dynamics rather than Ca^2+^ level. Our result, together with the fact that Ca^2+^ oscillations have been observed in a wide range of cell types,^[@bib17]^ prompted us to postulate that Ca^2+^ oscillations drive ATP oscillations in chondrogenesis. Moreover, this hypothesis is strongly supported by our result that ATP oscillations depend on VDCC and SOC ([Figure 4a](#fig4){ref-type="fig"}) because Ca^2+^ oscillations are known to be driven by activating periodically VDCC through the repetitive membrane depolarizations or modulating release and uptake of Ca^2+^ at intracellular Ca^2+^ stores.^[@bib17]^ The bioluminescent calcium-activated protein that emit blue light, *Aequorin* from *Aequorea victoria* (AqBl), is useful for monitoring Ca^2+^ level.^[@bib18]^ Thus, to test our hypothesis, we monitored simultaneously both ATP and Ca^2+^ dynamics during chondrogenesis by transfecting both P~ACTIN~-PxRe and the AqBl gene fused to an ACTIN promoter (P~ACTIN~-AqBl) into ATDC5 cells. We found that intracellular Ca^2+^ level markedly oscillates before the induction of ATP oscillations, and ATP subsequently began to oscillate at the same frequency as Ca^2+^ oscillations but nearly in anti-phase to the Ca^2+^ oscillations in chondrogenesis, which is consistent with our hypothesis that Ca^2+^ oscillations drive ATP oscillations ([Figures 4b and c](#fig4){ref-type="fig"}). The anti-phase relationship between Ca^2+^ oscillations and ATP oscillations suggests that Ca^2+^ oscillations drive ATP oscillations through negative effects of Ca^2+^ on ATP level.

Together with ATP, Ca^2+^ has key roles in the secretion process by promoting secretory vesicle fusion to the cellular membrane^[@bib5]^ and reorganizing cytoskeleton acting as a barrier to the vesicles moving toward the membrane.^[@bib19]^ Thus, our result that both ATP and Ca^2+^ oscillate in chondrogenesis suggests the possibility that secretory activity oscillates in chondrogenesis. To examine this possibility, we monitored secretory activity by using a reporter carrying the secreted *Cypridina* luciferase (CLuc)^[@bib20]^ gene fused to ACTIN promoter during P~ACTIN~-PxRe oscillations. We found that CLuc secretion oscillated in nearly same period as P~ACTIN~-PxRe oscillations ([Figure 4d](#fig4){ref-type="fig"}), and 2-DG which eliminated the P~ACTIN~-PxRe oscillations ([Figure 3b](#fig3){ref-type="fig"}) suppressed the CLuc oscillations ([Figure 4e](#fig4){ref-type="fig"}), indicating that ATP oscillations drive the oscillatory secretion in chondrogenesis. This suggests that the secreted molecules such as adhesion molecules can be regulated at the secretion level via the metabolic pathways during chondrogenesis.

It was known that N-cadherin has a key role in cellular condensation during chondrogenesis.^[@bib21]^ Thus, we investigated whether ATP oscillations regulate the secretion of N-cadherin during chondrogenesis. We found that N-cadherin was localized at the cellular membranes in a peak phase of ATP oscillations, whereas N-cadherin was diffused in the whole cell in a trough phase ([Figure 4f](#fig4){ref-type="fig"}). This result indicates that N-cadherin secretion oscillates during ATP oscillations. This provides evidence that ATP oscillations induce oscillatory secretion of the adhesion molecules during chondrogenesis.

ATP oscillations are crucial for prechondrogenic condensation
-------------------------------------------------------------

To explore link between ATP oscillations and prechondrogenic condensation, we assessed whether the ATP oscillations are induced specifically in the condensation phase of chondrogenesis. Previous studies reported that ATDC5 cells differentiate into cartilage nodules that increase in size for about 2 weeks after chondrogenic induction and then cease to grow upon entering the maturation stages in the culture; the insulin-supplemented medium was changed every other day,^[@bib12],\ [@bib22]^ which was confirmed in our observation ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Under the same culture conditions, we examined when ATP oscillations start, continue, and stop. P~ACTIN~-PxRe oscillations started 2--4 days after chondrogenic induction, continued, and finally disappeared at 12--14 days ([Figure 5a](#fig5){ref-type="fig"}). This result indicates that the ATP oscillations are induced in the condensation phase of chondrogenesis. We then examined how inhibition of ATP oscillations affects chondrogenesis. 2-DG, nifedipine, 2-APB, ionomycin, and thapsigargin, which suppressed the PxRe oscillations ([Figures 3a](#fig3){ref-type="fig"} and [4a](#fig4){ref-type="fig"}), prevented the condensation even in the presence of insulin ([Figure 5b](#fig5){ref-type="fig"}). Using peanut agglutinin (PNA) that preferentially binds to highly glycosylated proteoglycans, we confirmed that prechondrogenic condensation was suppressed by all of these pharmacological treatments ([Figure 5c](#fig5){ref-type="fig"}). However, PNA staining showed that 2-DG treatment induced the formation of widely distributed proteoglycans matrix in the presence of insulin ([Figure 5c](#fig5){ref-type="fig"}), indicating that 2-DG treatment suppressed cellular condensation but did not suppress chondrogenic differentiation in the presence of insulin. In agreement with these results, nifedipine, 2-APB, ionomycin, and thapsigargin suppressed gene expression of chondrogenic makers such as type II collagen (COL2A1), aggrecan, and Sox9 in the presence of insulin, whereas 2-DG treatment did not suppress it ([Figure 5d](#fig5){ref-type="fig"}). These results suggest that the ATP oscillations are critical for cellular condensation, but are dispensable for chondrogenic differentiation. We found that 2-DG and 2-APB decreased cell proliferation by ∼25%, whereas nifedipine, ionomycin, and thapsigargin had little effect on the cell proliferation ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). This result indicates that the inhibited condensation by the pharmacological treatments may be attributed in large part to suppression of cellular aggregation, not suppression of cellular proliferation. This suggests that blockade of ATP oscillations leads to the suppression of cellular aggregation. Thus, ATP oscillations have a critical role in cellular aggregation during prechondrogenic condensation.

Micromass culture of MSCs is also known as a system to mimic prechondrogenic condensation.^[@bib23]^ Thus, we examined whether ATP oscillations were required for prechondrogenic condensation in the micromass culture of primary mouse MSCs (mMSCs). We transfected mMSCs with P~ACTIN~-PxRe and then induced chondrogenesis by incubating the mMSCs with the chondrogenic medium. Bioluminescence monitoring showed that P~ACTIN~-PxRe activity did not oscillate in the maintenance medium, whereas the P~ACTIN~-PxRe activity began to oscillate with a ∼5 min period within 1 day after chondrogenic induction ([Figure 6a](#fig6){ref-type="fig"}). In addition, 2-DG suppressed the induction of P~ACTIN~-PxRe oscillations even in the chondrogenic medium. We also found that mMSCs differentiated into chondrocytes with the formation of a cellular condensation within 2 days after chondrogenic induction in the micromass culture with the chondrogenic medium ([Figures 6b and c](#fig6){ref-type="fig"}). However, when the micromass of mMSCs was treated with 2-DG in the chondrogenic medium, the cellular condensation was suppressed but chondrogenic differentiation proceeded ([Figures 6b and c](#fig6){ref-type="fig"}). These results in mMSCs demonstrate convincingly that ATP oscillations have a critical role in prechondrogenic condensation.

Degree of prechondrogenic condensation increases with the frequency of ATP oscillations
---------------------------------------------------------------------------------------

Many evidences have showed that the frequency of biological oscillations encode dynamical information to control cellular activity.^[@bib24]^ Thus, we investigated the relationship between the frequency of ATP oscillations and the condensation behaviours. We found that frequency of ATP oscillations strongly depends on temperature from 34 to 40°C ([Figure 7a](#fig7){ref-type="fig"}). The average intervals between peaks of ATP oscillations were 10.43±1.37, 6.30±0.30, and 2.88±0.25 h at 34, 37, and 40°C, respectively ([Figure 7a](#fig7){ref-type="fig"}). The Q10 value of the oscillation rate calculated from the means was 5.33 ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}), which reveals strong temperature dependence. Cellular condensation was suppressed under the low frequency of ATP oscillations at 34°C even in the presence of insulin. In contrast, as the frequency of ATP oscillations increases with temperature rise from 37°C to 40°C, the degree of cellular condensation increases in chondrogenesis ([Figure 7b](#fig7){ref-type="fig"}). In addition, chondrogenic differentiation was also promoted with increasing temperature at 34--40°C ([Figure 7c](#fig7){ref-type="fig"}), which may be due to the increasing degree of cellular condensation. The positive correlation between the frequency of ATP oscillations and the degree of prechondrogenic condensation corroborates that ATP oscillations are crucial in prechondrogenic condensation. It was reported that mammalian cells show temperature compensation for cell division occurring over a range of temperature from 34 to 40°C.^[@bib25]^ In agreement with the previous result, our result showed that temperature change from 34 to 40°C had little effect on proliferation of ATDC5 cells ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). This result suggests that the enhanced condensation degree by the increased temperature may be due to the increased aggregation, not the increased proliferation. Therefore, we suggest that the increasing frequency of ATP oscillations facilitates prechondrogenic condensation by promoting cellular aggregation.

Discussion
==========

By using the newly developed bioluminescent multi-reporter system to monitor simultaneously changes in ATP, oxygen, Ca^2+^, and secretory activity, we have shown that ATP, oxygen, and Ca^2+^ oscillate, forming a interlinked oscillatory circuit, and lead to oscillatory secretion in the condensation phase of chondrogenesis. Our result has shown that Ca^2+^ oscillations drive ATP oscillations through negative effects on ATP level. Ca^2+^ can directly reduce the ATP level by activating ATP-consuming processes such as ions pumping and exocytosis.^[@bib26]^ However, the negative effects of Ca^2+^ on ATP level may be mediated via glycolysis and mitochondrial respiration. This is supported by dependence of the ATP oscillations on glycolysis and mitochondrial respiration during chondrogenesis. Indeed, it is known that increase in Ca^2+^ level decreases glucose consumption presumably by inhibitory effect of Ca^2+^ on glycolytic enzymes^[@bib27]^ and decreases mitochondrial ATP production by collapsing mitochondrial membrane potential.^[@bib19],\ [@bib28]^

In other hand, it has been known that conversion of F6P to F1,6BP by phosphofructokinase (PFK) drives glycolytic oscillations thorough its oscillatory activity because of positive feedback of its product, FBP or ADP,^[@bib8],\ [@bib29]^ and that citrate oscillations to originate from inhibition of its own synthesis drive mitochondrial oscillations,^[@bib30]^ and citrate can link mitochondrial oscillations with glycolytic oscillations as a inhibitor of PFK activity.^[@bib31]^ Thus, independent of Ca^2+^, PFK oscillatory activity and citrate oscillations can induce glycolytic and mitochondrial oscillations in chondrogenesis. This possibility is supported by our metabolite analysis data to show dramatic differences in the peak/trough ratio between F6P and F1,6BP and in that between acetyl-CoA and citrate. Therefore, we suggest that Ca^2+^-dependent and Ca^2+^-independent processes cooperatively lead to metabolic oscillations to underlie ATP oscillations in chondrogenesis. The strong temperature dependence of ATP oscillations can originate from highly temperature-sensitive properties of PFK activity and Ca^2+^ oscillations to drive the ATP oscillations.^[@bib32],\ [@bib33]^

Our result has shown the collective transition of cell populations from quiescence to synchronized ATP oscillations in chondrogenesis. This transition called a quorum-sensing transition, which is a sudden transition to collective behaviour, has been reported in many bacteria^[@bib34]^ and *Dictyostelium discoideum.*^[@bib35]^ It is known that when the concentration of a secreted signalling molecule reaches a threshold, the quorum-sensing transition is induced and encodes cell-density information in the frequency of the oscillations because the threshold is reached more quickly at higher cell densities.^[@bib34],\ [@bib35]^ Thus, although the signal molecules to synchronize ATP oscillations via quorum-sensing-type transition remain elusive, the synchronized ATP oscillations induced could encode information on cell density in the oscillations frequency, which may contribute to controlling the size and the shape of condensations in chondrogenesis. We also showed that synchronization of ATP oscillations is mediated by gap junctions. This is consistent with previous report that metabolic coupling is mediated by gap junctions.^[@bib36]^ Although it is known that gap junctions are crucial in prechondrogenic condensation,^[@bib37]^ their functions remain unclear. Our study suggests that gap junctions have a key role in prechondrogenic condensations by mediating the synchronized ATP oscillations.

Then, why are the synchronized ATP oscillations critical in prechondrogenic condensation? The synchronized ATP oscillations would induce cell populations to secrete simultaneously high levels of adhesion molecules and ECM in a periodic manner, which is corroborated by the result that N-cadherin secretion showed periodic pattern during the ATP oscillations. The synchronized secretion of the adhesion molecules and ECM can increase the chance of the adhesion molecules and ECM on one cell to encounter the complementary binding sites on another cell (*trans*-binding), which could promote cellular aggregation by increasing cell--cell adhesion sites and cell--matrix adhesion sites. Furthermore, the synchronized secretion of the adhesion molecules and ECM can promote to organize lateral clusters of adhesion molecules (*cis-*binding) that strengthen the cell--cell adhesions.^[@bib38]^ Therefore, we suggest that the synchronized ATP oscillations have an important role in forming tightly packed condensations by enhancing the efficiency of the *trans*-binding and the *cis-*binding. This mechanism provides a reasonable explanation for why the degree of cellular condensation increases with the frequency of ATP oscillations. The increasing frequency of ATP oscillations would facilitate cellular aggregation by increasing the chance of the *trans*-binding and the *cis-*binding in this mechanism. Therefore, ATP oscillations may regulate the condensation size by modulating the oscillation frequency. Furthermore, our result that the condensation degree increases with the temperature increase seems to be consistent with previous observations that strong positive correlations exist between ambient temperature and limb size in mammals.^[@bib39]^ Although these observations have long been reported, how temperature affects the limb growth remains unclear.^[@bib40]^ Our suggestion that highly temperature-dependent ATP oscillations promote prechondrogenic condensation by increasing the oscillations frequency with increasing temperature can explain why limb growth is promoted with increasing temperature.

In addition to the function for prechondrogenic condensation, ATP oscillations can have a crucial role in energy supply for skeletal development because ATP is used as an energy source in cells. It is known that glycolytic oscillations are efficient in terms of maintaining a high ATP/ADP ratio.^[@bib41]^ Therefore, the metabolic oscillations to underlie ATP oscillations may be useful for providing enough energy needed for the skeletal development, which has a high energy demand in a low-oxygen environment.^[@bib42]^ Our finding of metabolic oscillations in chondrogenesis will provide new insight into molecular mechanisms to underlie skeletal development.

Materials and Methods
=====================

Cell culture and light microscopic observation
----------------------------------------------

When ATDC5 cells maintained in Dulbecco\'s modified Eagle\'s medium-F12 (DMEM-F12) (Gibco, Tokyo, Japan) supplemented with 5% fetal bovine serum (FBS), 10 *μ*g/ml human transferrin (Roche Molecular Biochemicals, Indianapolis, IN, USA) and 3 × 10^−8^ M sodium selenite (Sigma-Aldrich, St. Louis, MO, USA) reached confluency, the medium was replaced with the medium supplemented with 10 *μ*g/ml insulin (Sigma-Aldrich), and 10 *μ*g/ml insulin plus one of the following inhibitors: 1.5 mM 2-deoxyglucose (Sigma-Aldrich), 10 mg/ml of oligomycin (Sigma-Aldrich), 0.1 mM ionomycin (Sigma-Aldrich), 25 nM thapsigardin (Sigma-Aldrich), 40 mM nifedipine (Sigma-Aldrich), and 100 mM 2-aminoethoxydiphenyl borate (Calbiochem, San Diego, CA, USA), respectively, and then each medium was replaced every other day for 1 week. mMSCs (Invitrogen, Carlsbad, CA, USA), which are produced from bone marrow isolated from C57BL/6 mice, were maintained in DMEM-F12 with GlutaMAX-I supplemented with 10% MSC-qualified FBS (Invitrogen). For chondrogenesis, mMSCs were cultured in a high-density micromass (8 × 10^6^ cells/ml) with the chondrogenic medium (Invitrogen). Microscopic observation was performed with a microscope (Nikon Eclipse TE300, Nikon, Tokyo, Japan).

Construction of reporter genes and transfection
-----------------------------------------------

The human actin promoter (--500/+101, donated by Toyobo, Osaka, Japan) was inserted into multiple cloning sites of vectors containing a *Phrixothrix hirtus* luciferase gene (Toyobo), *Renilla* luciferase gene (Promega, Madison, WI, USA), *Cypridina* luciferase gene (NEB, Ipswich, MA, USA), and *Aequorin* gene (synthesis from Bioneer (Daejeon, Korea) according to NCBI No. AAA27720), respectively. Then, the promoter region and the luciferase gene were inserted into retrovirus vectors (Clontech, Mountain View, CA, USA), respectively. FRET-based ATP probe gene (donated by Takaharu Nagai, Hokkaido University, Japan) was also inserted into the retrovirus vectors. ATDC5 cells were transfected using retrovirus infection and then were selected by G418 or puromycin. mMSCs were transiently transfected using Lipofectamine LTX (Invitrogen).

ATP concentration measurement
-----------------------------

We used an ATP colorimetric assay kit (BioVision, Milpitas, CA, USA), which utilized the phosphorylation of glycerol to generate a product that was quantified using a colorimetric method. We performed two independent experiments with six samples and then analyzed the combined results.

Real-time monitoring using bioluminescent probes
------------------------------------------------

After replacing with the medium including luciferin (0.1 mM) and chemicals, bioluminescence (relative light unit: RLU) was monitored using a dish-type luminescencer, Kronos, for 1 min at 1--30 min intervals. As coelenterazine, the substrate for both ReBl and AqBl, degrades rapidly in cell, simultaneous monitoring of both PxRe and ReBl or both PxRe and AqBl was performed with two peristaltic pumps by perfusing the medium (10 *μ*g/ml insulin, 0.05 mM luciferin, 0.1 *μ*M coelenterazine) at 1.0 ml/h. The intensities from PxRe (R) and from ReBl or AqBl (B) was calculated from the total RLU (F0) and the RLU that passed through a 620-nm long-pass filter (F1), the optical filter\'s transmission coefficient for ReBl and PxRe (*κ*~B~ and *κ*~R~, respectively) using the following equation:

Real-time monitoring of CLuc secretion was performed by perfusing the medium (10 *μ*g/ml insulin and 0.05 mM luciferin) from bottles to the fraction collector at a flow rate of 1.0 ml/h, and collecting the fractions every 30 min. The CLuc activity was measured by mixing with *Cypridina* luciferin (1 *μ*M). To monitor simultaneously CLuc secretion and PxRe activity, the fractions were collected during the monitoring of PxRe activity using Kronos and then the CLuc activity of the fractions was measured in the same way. Bioluminescence imaging was performed using a luminescence microscope, CellGraph (ATTO, Osaka, Japan), at a 1-h interval or at a 30 min interval for 1 week, immediately after being replaced by the medium with 0.3 mM luciferin and 10 *μ*g/ml insulin.

FRET imaging
------------

Wide-eld observations of the cells were performed on an inverted fluorescence microscopy (Keyence, Osaka, Japan) using a PlanApo VC60, 1.40 numerical aperture, oil-immersion objective (Nikon). Dual-emission ratio imaging of FRET-ATP probe was performed by filters: an 427/10 excitation lter, an FF458-Di01 dichroic mirror, and two emission lters (483/32 for CFP and 542/27 for YFP). Fluorescence emission was imaged by using a cooled charge-coupled device camera; the exposure times were 500 ms for CFP and YFP images. Cells were maintained on a microscope at 37 °C with a continuous supply of 95% air and 5% carbon dioxide mixture by using a stage-top incubator (Tokai Hit, Fujinomiya, Japan). Image analysis was performed using Aquacosmos (Hamamatsu Photonics, Hamamatsu, Japan). The YFP/CFP emission ratio was calculated by dividing pixel-by-pixel a YFP image with a CFP image.

Metabolite analysis by using CE-MS system
-----------------------------------------

In each independent experiment, we prepared two samples of cultured ATDC5 cells transfected with P~ACTIN~-PxRe and induced simultaneously the samples to differentiate into chondrocytes at confluence. When the P~ACTIN~-PxRe oscillations reached the trough and the peak after the third or the fourth peak, respectively, we treated the samples for metabolite quantification. The measurement of extracted metabolites was performed by using a capillary electrophoresis (CE)-connected ESI-TOFMS system with electrophoresis buffer (Solution ID H3302-1021, Human Metabolome Technologies Inc., Tsuruoka, Japan). CE-TOFMS was carried out using an Agilent CE Capillary Electrophoresis System equipped with an Agilent 6210 Time of Flight mass spectrometer, Agilent 1100 isocratic HPLC pump, Agilent G1603A CE-MS adapter kit, and Agilent G1607A CE-ESI-MS sprayer kit (Agilent Technologies, Waldbronn, Germany). We performed three independent experiments and then analyzed the combined results.

Immunoblot
----------

The ATDC5 cells at the peak or the trough of P~ACTIN~-PxRe oscillations were prepared by M-PER extraction reagent (Pierce, Rockford, IL, USA). The primary antibodies used were: anti-actin antibody (1 : 5000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-PxRe antibody (1 : 100; donated by Yoshihiro Nakajima, AIST, Osaka, Japan). The primary antibodies were detected using horseradish peroxidase-conjugated anti-rabbit/mouse IgG antibody (1 : 500; Millipore, Billerica, MA, USA). Positive signals were visualized using an enhanced chemiluminescence detection system (Fujitsu, Tokyo, Japan).

Immunofluorescence staining
---------------------------

When PxRe oscillations of ATDC5 cells showed the peak or the trough after 2 day of chondrogenic induction, the cells were fixed with 4% paraformaldehyde for 15 min at room temperature, and then incubated with PBS containing 0.2% Triton X-100 (Sigma-Aldrich) for 15 min. Cells were then washed three times with PBS. After being blocked by 3% BSA in PBS for 60 min at room temperature, cells were incubated with rabbit anti-*N*-cadherin antibody (1 : 100; Santa Cruz Biotechnology) at 4°C overnight, washed three times with PBS, and then incubated with Alexa488-conjugated secondary antibody (1 : 1000; Invitrogen) for 60 min at room temperature in the dark. Nuclei were stained with Hoechst 33342 (Dojindo, Tokyo, Japan).

PNA staining
------------

Primary cultures were fixed in 4% formalin for 30 min at room temperature, and FITC-labelled PNA (Sigma-Aldrich, 100 *μ*g/ml in PBS) was added to cultures and incubated for 1 h at room temperature. After washing, the distribution of PNA-bound cells was visualized with fluorescence microscopy (Kyence).

qPCR analysis
-------------

The total RNA was isolated from the ATDC5 cells cultured under various conditions for 7 days using the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands). The real-time PCR reactions were performed using a thermal cycler dice real time system (Takara Bio, Otsu, Japan). The primer sequences were as follows: collagen type II (COL2A1) forward primer 5′-AGGGCAACAGCAGGTTCACATAC-3′, collagen type II (COL2A1) reverse primer 5′-TGTCCACACCAAATTCCTGTTCA-3′ aggrecan forward primer 5′-AGTGGATCGGTCTGAATGACAGG-3′, aggrecan reverse primer 5′-AGAAGTTGTCAGGCTGGTTTGGA-3′ Sox9 forward primer 5′-CAGTACCCGCATCTGCAC-3′, and Sox9 reverse primer 5′-TCTCTTCTCGCTCTCGTT-3′ GAPDH forward primer 5′-TGTGTCCGTCGTGGATCTGA-3′, and GAPDH reverse primer 5′-TTGCTGTTGAAGTCGCAGGAG-3′.

This work was supported financially by the Matching Program for Innovations in Future Drug Discovery and Medical Care in Japan.

P~ACTIN~

:   actin promoter

PxRe

:   *Phrixothrix hirtus* luciferase emitting red light

ReBl

:   *Renilla* luciferase emitting blue light

AqBl

:   *Aequorin* emitting blue light

CLuc

:   *Cypridina* luciferase

2-DG

:   2-deoxyglucose

F1,6BP

:   fructose 1,6-bisphosphate

VDCC

:   voltage-dependent Ca^2+^ channel

SOC

:   store-operated channel

MSCs

:   mesenchymal stem cells

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies the paper on Cell Death and Disease website (http://www.nature.com/cddis)

Edited by A Verkhratsky

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![ATP oscillations are generated in chondrogenesis of ATDC5 cells. (**a**) Bioluminescence monitoring of P~ACTIN~-PxRe activity in ATDC5 cells after changing the maintenance medium (black line) or the insulin-implemented medium (red line). (**b**) Protein expression levels of PxRe and *β*-actin at a trough and a peak of P~ACTIN~-PxRe oscillations. Control: untransfected cells. (**c**) Relative value of ATP concentration at peak points and trough points of P~ACTIN~-PxRe oscillations. Data represents the combined results from two independent experiments performed with six samples. (*n*=6, paired *t* test, ^\*\*^*P*\<0.01). (**d** and **e**) Monitoring of cytoplasmic ATP level using a FRET-based ATP sensor. (**d**) Sequential images of the YFP/CFP emission ratio from 69 to 80 h after chondrogenic induction and (**e**) the time course of the YFP/CFP emission ratio inside the red circle from 66 to 84 h after chondrogenic induction](cddis201220f1){#fig1}

![ATP oscillations are synchronized via gap junctions among ATDC5 cells in chondrogenesis. (**a** and **b**) Bioluminescence imaging at the single-cell level shows that P~ACTIN~-PxRe intensities in individual cells start to oscillate collectively by intercellular synchronization during chondrogenesis. (**a**) Time course data of P~ACTIN~-PxRe intensities of individual cells indicated by red squares after chondrogenic induction. (**b**) Sequential images of P~ACTIN~-PxRe intensities in representative cells at 1-h intervals from 97 to 144 h after chondrogenic induction. (**c** and **d**) Bioluminescence imaging at a low magnification shows that synchronized oscillations of P~ACTIN~-PxRe intensities propagate as intercellular waves during chondrogenesis. (**c**) Sequential images of P~ACTIN~-PxRe intensities at 30 min intervals from 53.5 to 57.5 h after chondrogenic induction. (**d**) Detrended data of time course of P~ACTIN~-PxRe intensities in individual areas indicated by coloured squares from 48 to 60 h after chondrogenic induction. (**e**) Effect of carbenoxolone treatment on P~ACTIN~-PxRe oscillations during chondrogenesis](cddis201220f2){#fig2}

![ATP oscillations depend on both glycolysis and mitochondrial respiration in chondrogenesis of ATDC5 cells. (**a**) Treatment effect of 2-DG or oligomycin on P~ACTIN~-PxRe oscillations. (**b**) Metabolite analysis shows the mean log ratio of concentration of metabolites involved in glycolysis and the TCA cycle in the peaks relative to the troughs of P~ACTIN~-PxRe oscillations. Data represent the combined results from three independent experiments performed with two samples. (*n*=3, paired *t* test, ^\*^*P*\<0.05). 1,3BPG, 1,3-bisphosphoglycerate; 1,3BPG, 1,3-bisphosphoglycerate; DHAP, dihydroxyacetone phosphate; G1P, glucose 1-phosphate; G6P, glucose 6-phosphate; F1,6BP, fructose 1,6-bisphosphate; F6P, fructose 6-phosphate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; 3PG, 3-phosphoglycerate. (**c**) Simultaneous monitoring of P~ACTIN~-PxRe activity (red line) and P~ACTIN~-ReBl activity (blue line) from 60 to 72 h after chondrogenic induction. The data were detrended by subtracting the 6 h running average from the raw data](cddis201220f3){#fig3}

![ATP oscillations are driven by Ca^2+^ oscillations, leading to oscillatory secretion in chondrogenesis of ATDC5 cells. (**a**) Effects of nifedipine, 2-APB, ionomycin, and thapsigargin treatment on insulin-induced P~ACTIN~-PxRe oscillations. Time course analysis from (**b**) the raw data and (**c**) the detrended data taken with simultaneous monitoring of P~ACTIN~-PxRe intensity (red line) and P~ACTIN~-AqBl intensity (blue line) during chondrogenesis. (**d**) Time course data taken with simultaneous monitoring of PxRe intensity (red line) and secreted CLuc intensity (blue line) during perfusion with insulin-implemented medium. (**e**) Effect of 2-DG treatment on the oscillatory secretion of CLuc during perfusion with insulin-implemented medium. (**f**) Immunofluorescent staining of N-cadherin (green) at the peak and the trough of PxRe oscillations. Nuclei are stained blue by Hoechst 33342. Scale bars, 100 *μ*m](cddis201220f4){#fig4}

![ATP oscillations have a critical role in prechondrogenic condensation during chondrogenesis of ATDC5 cells. (**a**) Bioluminescence monitoring of P~ACTIN~-PxRe intensity in the culture; the insulin-supplemented medium was changed every other day for 2 weeks. (**b** and **c**) Cellular condensation and chondrogenic differentiation were examined with (**b**) phase contrast images and (**c)** staining images with FITC-labeled peanut agglutinin of ATDC5 cells 1 week after culturing in medium implemented with insulin plus 2-DG, nifedipine, 2-APB, ionomycin, and thapsigargin, respectively. Scale bars, 100 *μ*m. (**d**) Effect of 2-DG, nifedipine (Nif), 2-APB, ionomycin (Iono), and thapsigargin (Thaps) on gene expression of type II collagen (COL2A1), aggrecan, and Sox9 1 week after chondrogenic induction. Data show mean±S.D. (*n*=4). Dunnett\'s test, ^\*\*^*P*\<0.01 by ANOVA compared with Control (insulin−)](cddis201220f5){#fig5}

![ATP oscillations have a critical role for prechondrogenic condensation during chondrogenesis in micromass culture of mMSC. (**a**) Bioluminescence monitoring of P~ACTIN~-PxRe activity in mMSCs after changing the maintenance medium, the chondrogenic medium, or chondrogenic medium implemented with 2-DG. (**b**) Condensation behaviours of mMSCs were examined with phase contrast images after 2 days of replacement with the maintenance medium, the chondrogenic medium, or chondrogenic medium implemented with 2-DG. Scale bars, 100 *μ*m. (**c**) Gene expression analysis of type II collagen (COL2A1), aggrecan, and Sox9 in the micromass culture of mMSCs after 2 days of replacement with the maintenance medium, the chondrogenic medium (Chondro), or chondrogenic medium implemented with 2-DG (Chondro + 2-DG). Data show mean±S.D. (*n*=4). Dunnett\'s test, ^\*\*^*P*\<0.01 by ANOVA compared with maintenance medium](cddis201220f6){#fig6}

![The degree of cellular condensation increases with the frequency of ATP oscillations. (**a**) Bioluminescence monitoring of P~ACTIN~-PxRe activities after chondrogenic induction (time=0 h) at 34°C, 37°C, and 40°C. (**b**) Condensation behaviours observed with phase contrast images at 34°C, 37°C, and 40°C. Scale bars, 500 *μ*m. (**c**) Temperature effect on gene expression of type II collagen (COL2A1), aggrecan, and Sox9 at 34°C (white bars), 37°C (grey bars), and 40°C (black bars), respectively. Data show mean±S.D. (*n*=4). Tukey-Kramer test. ^\*\*^*P*\<0.01 by ANOVA compared with 34°C. ^++^*P* \< 0.01 by ANOVA compared with 37°C](cddis201220f7){#fig7}
